Fungal taxonomy and classification, and fungal identification tools, are increasingly based on DNA sequencing technologies. In contrast, many historical records of fungi are based on morphologically identified specimens. Scientific collections of specimens or living cultures provide a resource to enable these early records to be genetically validated using modern techniques. This project uses a set of cultures deposited prior to 2008 in the International Collection of Microorganisms from Plants (ICMP) culture collection as Phoma, a genus of high biosecurity importance that is notoriously difficult to identify accurately using morphological characters. Of the 265 cultures sequenced, 23% had been misidentified. These misidentifications mean that six species previously thought to be present in New Zealand probably do not occur there. Fifty specimens had not previously been identified to species level; amongst these were eight species newly reported from New Zealand. Genetic validation projects such as this, using existing scientific collections, are essential for maintaining a robust global biosecurity system. Keywords: barcoding, biosecurity, DNA sequencing, ICMP culture collection, phylogeny, plant pathology
Introduction
New Zealand has strict biosecurity regulations aimed at minimizing risk associated with the importation of unwanted organisms, especially pathogens of plants and animals (Ministry for Primary Industries, 2017). The import of new material of species not known to occur in New Zealand needs a strong case that satisfies the Hazardous Substances and New Organisms Act (Environmental Protection Authority, 2017) . Part of the purpose of the Act was to protect the environment, as well as the health and safety of people and communities, by preventing or managing the adverse effects of organisms new to New Zealand.
An important tool for the government departments regulating these acts in relation to fungal pathogens is the NZFungi database (http://nzfungi2.landcareresearch.c o.nz/), the most complete catalogue for the fungi of New Zealand. NZFungi attempts to list all of the fungal names that have been used in a New Zealand context, along with the current name for those fungi. It also provides an opinion on whether these fungi actually occur in New Zealand, based on evidence from voucher specimens, cultures, DNA sequences, and literature reports. Most of the 'present in New Zealand' opinions are based on historical identifications made using morphological comparisons. However, for many fungal genera of biosecurity importance, morphologically based identifications are notoriously difficult and unreliable. Current fungal taxa are increasingly distinguished on the basis of DNA sequences, making the genetic validation of records based on morphologically identified specimens desirable.
For plant-associated fungi, scientific collections such as the New Zealand Fungarium (PDD, www.landcareresea rch.co.nz/resources/collections/pdd), the International Collection of Microorganisms from Plants (the ICMP culture collection, www.landcareresearch.co.nz/resource s/collections/icmp), the Scion forest health collections (NZFS, www.scionresearch.com/general/facilities-and-col lections/forest-health-collections), and the Otago Regional Herbarium (OTA, www.otago.ac.nz/botany/research/ otago046637.html), provide the specimen resources needed for such genetic validation projects. To illustrate the value of this approach, this study targets cultures from ICMP identified as the fungal genus Phoma.
Phoma species are associated with a wide range of plant diseases but are also commonly isolated as putative saprotrophs from dead plant material. They are commonly detected on plant material held in quarantine, making accurate and rapid identification important for facilitating trade, while at the same time protecting New Zealand's biosecurity. However, their simple morphology makes morphologically based identification of Phoma spp. difficult. Several recent phylogenetic studies of Phoma sensu lato (e.g. Aveskamp et al., 2009b Aveskamp et al., , 2010 de Gruyter et al., 2009 de Gruyter et al., , 2010 de Gruyter et al., , 2013 Chen et al., 2015) make this genus an ideal target for a genetic validation project. Species previously placed in the genus Phoma based on morphology are now spread amongst numerous phylogenetically distinct segregate genera in several families, including the Didymellaceae, Leptosphaeriaceae, Phaeosphaeriaceae and Cucurbitariaceae.
Materials and methods
DNA sequences were obtained from 265 cultures that had been deposited in the ICMP culture collection as Phoma prior to 2008. Cultures were grown from storage on to agar plates, mycelium was harvested and DNA extracted using a DNeasy Plant Mini kit (QIAGEN) following the manufacturer's instructions. DNA was amplified using V9G/ITS4 and V9G/NL4 primers for the internal transcribed spacer (ITS) region and the gene coding for the ribosomal large subunit (LSU) (White et al., 1990; de Hoog & van den Ende, 1998) , TUB2Fd/TUB4Rd primers for b-tubulin (Aveskamp et al., 2009a) and ACT-512F/ ACT-783R primers for actin (Carbone & Kohn, 1999) using the conditions for PCR described in these papers. PCR products were sequenced with the above forward and reverse primers by EcoGene in New Zealand and Macrogen in Korea; and assembled using GENEIOUS v. 9 (Kearse et al., 2012) .
Sequences were aligned using MAFFT as implemented in GEN-EIOUS v. 9. Phylogenetic analyses were performed using PHYML as implemented in GENEIOUS (Guindon & Gascuel, 2003) with the GTR substitution model. Identifications of cultures were based on an initial BLAST search against NCBI. Those found to be in the families Cucurbitariaceae, Didymellaceae, Leptosphaeriaceae, Montagnulaceae and Phaeosphaeriaceae, amongst which most species traditionally placed in Phoma are now distributed, were identified to species level; this was achieved by incorporating the sequences into phylogenies based on alignments using sequences from authentic cultures, taken from Aveskamp et al. (2009b , 2010 ), de Gruyter et al. (2010 , Verkley et al. (2014) and Chen et al. (2015) . The accepted generic names follow Chen et al. (2015) .
Results
The results of the genetic redeterminations of the ICMP cultures are summarized in Table 1 . Details for each culture, its original determination and accepted name following this project, along with the GenBank numbers for each gene are provided in Table S1 , through the Landcare Research datastore (https://doi.org/10.7931/j25d 8ps2). GenBank numbers for the authentic isolates used for the identification of the ICMP cultures are provided in Table S2 . A phylogeny based on isolates selected to represent each of the taxa recognized from ICMP, along with the authentic isolates from GenBank, is provided in Figure 1 . The alignment on which Figure 1 is based is provided as a NEXUS file in the Landcare Research datastore. A multigene phylogeny that includes all of the ICMP cultures treated is provided in Figure S1 . An alignment of the ITS sequences of all the ICMP cultures treated is provided as a fasta file in the Landcare Research datastore.
Of the 265 specimens sequenced, the identity of 143 was confirmed. Sixty-two specimens had been misidentified at the species level, most of these representing other Phoma species or species in Phoma-like genera in the Didymellaceae, Leptosphaeriaceae (e.g. Plenodomus), Cucurbitariaceae (e.g. Pyrenochaeta), Montagnulaceae (e.g. Paraconiothyrium) or Phaeosphaeriaceae (e.g. Paraphoma). A few specimens with a Phoma-like morphology were in highly divergent taxa, e.g. Mycosphaerellaceae and a Coleophoma-like species in the Leotiomycetes. Fifty specimens previously identified as Phoma sp. were identified to species level for the first time.
Eight 'new to New Zealand' species were recognized; Boeremia diversispora, Didymella aliena, Didymella bellidis, Didymella negriana, Paraphoma radicina, 'Phoma' proteae, Pyrenochaetopsis leptospora and Stagonosporopsis loticola. In addition, ICMP 13281 represents the Plenodomus biglobosa 'australiensis' group sensu Mendes-Pereira et al. (2003, as Leptosphaeria biglobosa 'australiensis') and Vincenot et al. (2008) , distinguished by ITS from P. biglobosa 'brassicae', reported from New Zealand by Lob et al. (2013, as L. biglobosa) . ICMP 15246 from the fern Dicksonia matches the undescribed fungus reported as Didymella sp. 1 from a culture from another fern, Pteris, from the Netherlands by Chen et al. (2015) .
No evidence was found that six species recorded as 'present in New Zealand' in NZFungi (accessed 2016) actually occur there. Phoma jolyana (current name Didymella musae) was listed in Pennycook & Galloway (2004) on the basis of PDD and ICMP specimens but both of the sequenced ICMP specimens had been misidentified (ICMP 7021, ICMP 10842) . Pleurophoma cava (current name Pyrenochaeta cava) was listed in Pennycook & Galloway (2004) on the basis of a set of ICMP isolates from apple but all of these isolates represent the same apparently undescribed species, here accepted as Tumularia sp. based on the name applied to Species Hypothesis SH339813.06FU by UNITE (https:// unite.ut.ee/). Coleophoma cylindrospora has been reported from New Zealand in several publications, but the only two ICMP cultures available to validate these had been misidentified; one was placed in a segregate species, Coleophoma paracylindrospora (ICMP 14086), the other is a Botryosphaeriales similar to Tiarosporella (ICMP 13749). Phoma fimeti (current name Paraphoma fimeti) was recorded by Johnston (1981) but none of the isolates validating this record were correctly identified. They are spread across several species of Phaeosphaeriaceae, including the newly recorded species Paraphoma Table S1 . Three Phoma macrostoma b-tubulin haplotypes were recognized: BTUB-1 (ICMP 13364, 13365, 2504 (ICMP 13364, 13365, , 2325 , BTUB-2 (ICMP 6628, 7033) and BTUB-3 (ICMP 6629, 11186) (Fig. S2) . BTUB-1 matches both P. macrostoma var. macrostoma and P. macrostoma var. incolorata sensu Aveskamp et al. (2010) ; note that none of the genes used by Aveskamp et al. (2010) distinguish these two subspecies and Chen et al. (2015) regarded them as synonyms. The BTUB-2 and BTUB-3 haplotypes have no exact matches in GenBank, the Aveskamp et al. (2010) P. macrostoma sequences being the closest. All these isolates are accepted here as P. macrostoma. Aveskamp et al. (2009b) used actin sequences to define a series of taxon-specific sequence-characterized amplified regions (SCARs) that they used to distinguish several varieties within Boeremia exigua. These authors noted there are some species-specialized pathogens within B. exigua, but that these same taxa can be isolated as saprotrophs from other hosts. Some ICMP isolates appear to match some of the subspecific varieties, although few are from hosts typical for these taxa. Twenty-four specimens of Phoma or Phoma-like species remain identified to only the genus level, including eight previously misidentified at the species level. DNA sequences from these match no sequences accessioned to GenBank from an authoritatively identified voucher specimen or culture. Eleven of the unidentified specimens occur singly. However, four sets of isolates were from similar disease symptoms on the same hosts and could represent undescribed or previously unsequenced species. Three cultures of a single species isolated from blueberry leaf spots (ICMP 7027, 7031, 7032) may represent a previously unsequenced Didymella species specialized to blueberry. This fungus was almost certainly introduced to New Zealand along with its host. The Systematic Mycology and Microbiology Laboratory Fungus-Host Is Phoma rumicicola a synonym of Phoma acetosellae?
Both P. rumicicola and P. acetosellae were described from Rumex. The two species were distinguished by Boerema et al. (1980) on the basis of different growth rates in culture and on the size of the conidiogenous cells. All of the putative P. rumicicola isolates from New Zealand sequenced, including the ex-type isolate (ICMP 10965, CBS 683.79), match genetically cultures accessioned into CBS as P. acetosellae (e.g. CBS 179.97, ex Aveskamp et al., 2010) . If the P. acetosellae identifications are correct, then the two species are synonyms with P. acetosellae the oldest name. Clarification of this requires an epitype to be selected for P. acetosellae.
Didymella vitalbina, Didymella urticicola and Neodidymelliopsis cannabis Woudenberg et al. (2009) reassessed the genetic and taxonomic diversity of isolates that earlier had been referred to P. clematidina on the basis of host preference. This publication was prompted by Adrian Spiers research on the biological control of Clematis vitalba in New Zealand, where he referred all the Phoma isolates he collected from Clematis in Europe and North America to P. clematidina (Gourlay et al., 2000) . Woudenberg et al. (2009) Paynter et al. (2006) in a survey of C. vitalba at two sites where the P. 'clematidina' biological control agent had been released by Adrian Spiers in 1996. They found Phoma associated with minor damage and deposited two isolates in ICMP (ICMP 15898, ICMP 15899), both of which were found, in the present study, to match 'D. vitalbina' sensu Woudenberg et al. (2009) . The Phoma strain deliberately released into New Zealand as a biological control agent was ICMP 13664, the ex-holotype culture of a third Clematis pathogen, Didymella clematidis. This strain was selected for release because of its high pathogenicity to C. vitalba ). It has not been found from the field in New Zealand and it is possible that the released biological control strain never successfully established.
Barcoding Phoma ITS is the recommended official 'barcode' for fungi (Schoch et al., 2012) , although this recommendation came with the proviso that, for some groups of fungi, Plant Pathology (2017) 66, 1424-1431 secondary barcodes may be needed to distinguish closely related taxa. For the Phoma isolates examined from ICMP, ITS was sufficient to distinguish almost all species. The differences between closely related taxa were small but, with an accurate sequence, were consistently present (Fig. 2) . The differences were so small that a GenBank BLAST search would fail to give a clear identification. In contrast, a dedicated BLAST tool querying only selected authentic sequences (e.g. through the CUSTOM BLAST tool provided in GENEIOUS), provides a clear identification. As noted by Chen et al. (2015) , ITS sequences will not generate a reliable phylogeny for Phoma-like fungi, but for pure identifications they are surprisingly powerful. An alignment of ITS sequences for all the sequenced Phoma and Phoma-like ICMP cultures is provided through the Landcare Research datastore (https:// doi.org/10.7931/j25d8ps2).
Discussion
This paper focuses on a practical and timely issue for plant pathology in general and border biosecurity in particular -the integration of historical records of plant pathogens based on morphological identification methods with current taxonomy, which is based largely on DNA sequencing. This research uses a set of Phoma isolates as a case study to demonstrate the high level of inaccuracy likely in historical records. It also demonstrates that as long as the historical specimens on which those records were based have been maintained in scientific collections, the earlier mistakes can be effectively detected and corrected. The key to this process is the selection of authoritative genetic data, and Figure 3 outlines a suggested protocol to undertake such a review.
There is a lot of discussion in the literature about mistakes in the names attached to DNA sequence accessions in GenBank (e.g. Nilsson et al., 2006) . However, mistakes have always been made during identifications. Those in GenBank are obvious because of the accessibility of the data. Those in publications where the methods are based on morphological examination, or on interpretation of host relationships, are much less visible, even when linked to specimens in curated collections. To detect such errors requires detailed examination of the original material -an exercise carried out by taxonomists, but generally not by plant pathologists. The records recognized through this project as doubtful or incorrect for New Zealand were in most cases based on publications in refereed journals. This is an important issue for border biosecurity regulators. They rely on the veracity of lists of pathogens present or absent from a region or country. For plant pathogens such as Phoma, morphologically simple and difficult to identify without DNA sequences, the number of historical misidentifications is likely to be high from all regions. Verification of the historical records from any one country requires a commitment from that country. If the records are supported by cultures available through curated collections, they can be easily validated. If they are supported by dried fungarium specimens, validation is not so straightforward, but likely to become more tractable as DNA extraction technology advances. If the records have no supporting voucher, they are impossible to verify without fresh targeted collecting.
Even for relatively intensively studied genera, such as Phoma and its relatives, taxonomic doubts remain about the name that should be used for a fungus. Such doubt impacts on biosecurity regulators, because of the possibility that the same name in two lists of pathogens may be being used to refer to different fungi. In some cases the doubts relate to a lack of DNA data for taxa that have historically been recorded from the same host. Examples from this study include the Dioscorea-associated fungi from the Pacific, the Vaccinium-associated specimens, and the Glycyrrhiza-associated specimens. In other cases, the genetic identity of a taxon remains to be formally fixed through epitypification (e.g. N. cannabis versus D. vitalbina). The possibility of misnumbering, switching or contamination of key specimens can also create taxonomic confusion, as in the case of D. vitalbina. Issues such as these were discussed by Crous et al. (2016) when they asked whether it remains sensible to continue to manage biosecurity risk using taxonomic names or whether genetically characterized pathogenicity factors should form the basis of future biosecurity regulation.
Despite this, host-pathogen lists are often a starting point for a routine identification. The Phoma data illustrates that this process needs to be carried out carefully and critically. For example, hosts such as Clematis have numerous closely related species associated with disease symptoms. Many taxa, such as the B. exigua subspecies discussed above, are found on multiple hosts. Interpretation of the significance of host is important for assessing biosecurity risk. With current technologies, it remains something that cannot be resolved using phylogenies alone, but one that requires experimental inoculations and host range studies.
1. Run a BLAST search using ITS sequences to provide an approximate identification. As the official barcode for fungi (Schoch et al. 2012) , this is the most comprehensive data set for fungi in GenBank, hence the most likely to provide a match.
2. Check the ITS BLAST search results critically, and retain those based on sequences that appear to: have been derived from cultures and/or specimens in publicly curated collections represent sequences derived from type specimens represent additional specimens cited in the protologues of new species represent sequences cited in taxonomic and phylogenetic reviews of related taxa that are based on a polyphasic approach (i.e. using DNA sequencing, morphology, ecology, etc.).
3. Check for references cited in the GenBank records, and undertake literature searches, to find recent taxonomic and phylogenetic studies that treat as many species as possible that are genetically close to the unknown fungi, and to their putative sister taxa.
4. If there are multiple studies, compare the taxonomic and phylogenetic conclusions to ensure that they are consistent. If they are not, decide which taxonomic scheme to follow. Generally this will be from the study that samples the greatest number of type specimens, that has the greatest depth of taxonomic coverage in the clades containing the unknown specimens, and that is based on the most discriminatory genes.
5. Use these references to select a suitable 'barcoding' gene. The phylogenetic studies are likely to be based on multiple genes, but select the smallest number of these genes that allow the accepted species to be distinguished. Ideally select genes that can be reliably and easily amplified. Note that these genes may not generate accurate phylogenies, but that is not necessary for an identification tool.
6. Download the sequences cited in the authoritative selected publications, together with others in GenBank from related taxa that have not been treated in the selected publications but that can be linked to type, or other authentic, specimens.
7. Align these sequences along with those from the unknown specimens. Use this alignment to match the unknown specimens to named taxa. A simple phylogenetic tree using a generally reliable algorithm such as PhyML, may help this comparison.
8. Use the within-taxon genetic variation accepted in the published phylogenetic reviews to decide consistent species limits.
9. If possible, confirm that the morphology of the unknown specimen matches the morphology of the sequenced cited specimens, through the descriptions provided in the taxonomic reviews initially used to select authentic DNA sequence data.
10. If the unknown specimens match no described and sequenced species, tools such as the UNITE species hypotheses (https://unite.ut.ee/) are useful for checking whether the same (putatively unnamed) fungus has been detected previously elsewhere in the world. 
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Additional Supporting Information may be found in the online version of this article at the publisher's web-site. Figure S1 . PHYML tree based on DNA sequences coding for actin, btubulin, internal transcribed spacer (ITS) region and ribosomal large subunit (LSU) for Phoma and Phoma-like species from all cultures from the International Collection of Microorganisms from Plants (ICMP) sequenced as part of this project. Figure S2 . Alignment of DNA sequences coding for b-tubulin of representative Phoma macrostoma cultures from the International Collection of Microorganisms from Plants (ICMP), illustrating the three haplotypes within this species. The dark lines indicate a base change at that position in the alignment. Table S1 . Details for each culture from the International Collection of Microorganisms from Plants (ICMP) examined, its original determination and the accepted name following this project, with GenBank accession numbers for each gene. Table S2 . Species names, voucher numbers, and GenBank numbers for the authentic isolates used for the identification of cultures from the International Collection of Microorganisms from Plants (ICMP).
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